Sakalli: Impacts of climate change on net primary production - Abstract. Identification of the net primary production capacity of European vegetated areas has been becoming the meaning since last decades. Responses of carbon uptake by autotrophs and storage in terrestrial ecosystems under environmental changes is quite important to understand and predict the biogeochemical cycles, and thus the interactions between atmosphere and terrestrial biosphere in the future. Remote sensing of the Earth systems has been having very important roles for calibration of the modelling results during last 20 years. In this paper, we simulate the impacts of the climate change and elevated CO 2 in the atmosphere on net primary production by autotrophs by using Community Land Model vers. 4.5 (CLM4.5) with remarkable high grid resolution (i.e. 25x25 km) at pan-European scale. We especially focused on the time period in the future when the global warming reaches the 2ºC (i.e. 2034-2063) in Europe. The CLM4.5 model performs quite good in Western and Southern Europe. Although the model predicts the NPP ca. 2 times higher than the remote sensed NPP by MODIS, the analysis between in-situ data and CLM4.5 shows better correlation than between in-situ data and remote sensed NPP in 19 study areas. Despite of the higher correlation of the model with in-situ data, it is still needed long-term observation studies needed from different biome types and plant functional types.
Introduction
Net Primary Production (NPP) is one of the most important keywords for investigation of the climate change effect on carbon uptake and storage by photosynthetic organisms. Numerous studies focused on determining the climate change impacts on NPP in the terrestrial ecosystems (Melillo et al., 1993; Cao and Woodward, 1998; Bonan, 2008; Ummenhofer et al., 2015) . Plant productivity is a very important aspect in the global biogeochemical cycles especially in global carbon cycle due to the absorption of a part of anthropogenic emitted CO 2 from the atmosphere (Esser et al., 2012) . NPP is also a quite essential parameter for all ecosystems, since it can illustrate the quality and quantity of absorbing the incoming solar energy, and also indicates the fundamental energy source for all heterotroph organisms in the ecosystems. The potential change in the primary production in the terrestrial and marine ecosystems under global 2 ºC average temperature increase has been discussing since the last decades (Chust et al., 2014; Guanter et al., 2014; Danelichen et al., 2015) . Among others, Kirschbaum (2000) studied the responses of vegetation growth, photosynthesis, and respiration to the change climate from pre-industrial time (i.e. 1900) up to 2100. In his study, it has been mentioned that a 2 ºC increase in global average temperature affects the physiological and biological processes of various plant species that especially distribute in a narrow temperature niches. On the other hand, a 20% of yield increase in crop plants was reported under global average temperature increase up to 2 ºC within the fourth assessment report of the Intergovernmental Panel on Climate Change (IPCC) (Easterling et al., 2007) . In the assessment report, it was also pointed to a decline in crop yield with increasing temperature after 2 ºC increasing period. Wan et al. (2005) quantified a similar impact of temperature increase in semi-natural vegetation (i.e. grassland). In their field study, they monitored about 19% increase in above ground net primary production under 2 ºC temperature warming. Certainly, not only the temperature but also precipitation, solar energy, humidity and wind speed have significant impacts on the NPP (Wan et al., 2005) . In a Chihuahuan desert grassland, Thomey et al. (2011) studied the effect of precipitation on net primary production. They quantified a substantive increase in NPP due to an increase in precipitation in the study areas. Approximately 1.3% of incoming solar energy is absorbed by plants during the growing season. A substantial accumulation of net biomass takes in some vegetated regions from decades to centuries, which indicates that such vegetated regions actually points to net sink of carbon (Dixon et al., 1994) . For instance, temperate and boreal forests are the main green areas for sink of carbon in pan-European region. Kauppi et al. (1992) referenced to a ~0.12 Pg C estimated annual carbon fluxes in that forests.
Estimation and measurement of NPP are carried out by various methods in the terrestrial ecosystem (Lieth, 1975; Esser, 1998; Zhao et al., 2005) . For such aims, enhanced remote sensing of NPP has been widely using to study, quantify, and understand the carbon uptake and storage capacity of the terrestrial ecosystems since last decades (Liu et In this paper, we aimed to define the carbon storage capacity in high grid resolution at pan-European scale, and investigate the behaviour of carbon sink areas under climate change. Those produce new aspects to estimate of net carbon storage in European terrestrial biosphere. This is an important issue to find out how will the carbon storage capacity of terrestrial ecosystem be affected by changing the combination of the relevant climate parameter in the 2 ºC global warming period in the future. It also gives data about the carbon storage capacity of European vegetation in the future when the global average temperature increases up to 2 ºC.
Also the main objectives of the study were: (i) to describe the spatio-temporal heterogeneity in NPP by using remote sensed and modelled data, (ii) to quantify the difference between the remote sensed and modelled NPP, (iii) to identify the relationship between the climate conditions and modelled NPP, (iv) to indicate the change in NPP during the 2 ºC global average temperature increase period.
Material and Methods

Model Initialization
For estimating of net primary production, the Community Land Model version 4.5 (CLM4.5) was established on 25x25 km grid resolution at pan-European scale. The model was run with bias corrected climate data for 800 years in ad-hoc (accelerated method) mode to get the main carbon pools of the terrestrial biosphere (e.g. We first run the model with the ad-hoc method for 800 years to get the carbon pools in the ecosystems in equilibrium. Within this run, we used stable climate conditions that were taken from the ensemble average of 30-year historical run of the used regional climate model in monthly resolution. After reaching the carbon pools of the ecosystems (i.e. carbon pools in soil and vegetation) the steady state we switched of the ad-hoc method and run the model with the normal decomposition rates but the same climate data up to 1950. Thereafter, we forced the model with bias corrected monthly climate data from 1950 to 2100. For the future period (i.e. from 2004 to 2100), the bias corrected climate data were simulated by used regional climate model under consideration the Representative Concentration Pathway 4.5 (RCP4.5) (see Sec. 2.2).
Atmospheric Forcing Data
In this study, we used six climate parameters (see Tab. 1) from outputs of the Rossby Centre Regional Atmospheric Model (SMHI-RCA4), which was driven by EC-EARTH General Circulation Model (GCM), to force the CLM4.5 for the study periods. The NPP is formulated in the CLM4.5 as
where M R is for maintenance and G R is for growth respiration. Maintenance growth respiration is mainly calculated by sum of carbon fluxes in leaf, fine root, live steam and live root (see Eq. 1).
where CF leaf , CF froot , CF livestem , and CF livecroot is maintenance respiration costs for leaf, fine root, live stem, and live coarse root, respectively.
Growth respiration is also calculated as 30% of the total carbon in new growth (Larcher, 1995 "Physiological Plant Ecology"). 
Model Simulations Design
The simulation of the NPP was continuously done by the model from 1950 to 2100. 
Observation Data
The comparison and correlation analysis of the model results were done by using in-situ measurement data from six different data sources. We selected the locations with the NPP data from the data sources by considering the same biome and plant functional types (PFT) similar as in grid cells of the CLM4.5 model. We also considered the time periods of the insitu measurements for comparison of the simulated and measured NPP in a grid cell.
Intercomparison of the Model
For intercomparison of the modelled NPP, we used the available monthly NPP data from MODIS (Moderate Resolution Imaging Spectro-radiometer) satellite for the time range between 2000 and 2014. The data were released within MOD17 project and provided continuous estimates of NPP in ca. 4 km resolution across the Earth's vegetated land surface (Zhao and Running, 2010) . We used bilinear interpolation method of Climate Data Operators (CDO) to upscale MODIS results from 4x4 km to model output grid resolution (i.e. 25x25 km) for this study (CDO, 2015) . The detailed description of the bilinear interpolation method and module is published by Schulzweida (2015) . The correlation analysis between the in-situ data, and predicted and remote sensed data were carried out with IBM SPSS statistic software version 23.
Result and Discussion
Net primary production (NPP) was obtained from the MODIS sensor at 4 km spatial resolution for the pan-European terrestrial surface. In Fig. 1-left , the original 4x4 km resolution NPP and Fig. 1-right Europe (see Fig. 1) . A long the Mediterranean cost, where vegetated areas are dominated by sclerophyllous shrub formation and evergreen seasonal dry forests with Q. ilex ranges the NPP between 200 and 1050 (see Fig. 1 ).
In the Table 2 col. 3 and 4). In general, CLM4.5 model predicts the NPP quite similar to the MODIS estimations in all 3 biome types in pan-European domain (see Table 2 col. 6). We compare the distribution of 15 years' average NPP in pan-European domain. In Figs. 2 and 3 , we illustrate the distribution of NPP by MODIS and CLM4.5 in pan-European domain.
Although the NPP by CLM4.5 and MODIS have similar pattern, there is particularly some differences in temperate broadleafed and mixed forests. In Eastern Europe the CLM4.5 predicts the NPP in most of the regions over 1000
, however the MODIS supplies the NPP between 300 and 700 . We plotted spatial distribution of 15 years The multi regression analysis shows no correlation between the NPP and used six climate parameter at the time range 2000-2014 (see Tab. 3). But, by visual comparison the climate plots in the regions with high differences in NPP between the model and obtained satellite data, it's to see that the differences are mainly due to combination effect of temperature and precipitation in eastern Europe (see Fig. 2 ). That confirms that the NPP distinctions between the predicted and observed in the 4 regions are mainly depending on climate parameter and not on the parametrization of NPP for PFTs in the model. It is quite important to mention that the differences between the modelled and observed NPP does generally not mean that the quality of NPP modelling has substandard quality. Zhao et al. (2006) published data about uncertainties in quantifying the GPP (Gross Primary Production) and NPP by MODIS. They highlighted that the quantifying of NPP includes more uncertainties then GPP by MODIS. To clarify the origin of differences between CLM4.5 and MODIS, we validated the NPP products (CLM4.5 and MODIS) with in-situ data of 19 study areas from Oleksyn et al. (2000) . They measured the NPP from Pinus sylvestris in 19 study areas. We selected the predicted and from satellite obtained NPP values for each study site. Since a grid cell of CLM4.5 can have several PFTs and P. silvestris is a needleleaf tree and distributes in temperate and boreal zones, we selected the percentage of two PFTs (i.e. Needleleaf Evergreen Temperate and Boreal Forests) for each grid cell, where the in-situ studies were done, and multiplied with the total NPP value of each 25x25 km grid cell. In the Table 4 , the study sites, the NPP values from the sources of Table 4 col. 2, 5 and 6) . The scatter plot in Fig. 5 presents the correlation between in-situ and CLM4.5 and MODIS with correlation coefficient R 2 . The correlation of NPP between CLM4.5 and in-situ studies equates to 63% and between MODIS and in-situ studies ca. 1%, respectively (see Fig.  5 ). Certainly, it has to be mentioned that the correlation analysis includes in-situ data from one plant species in different study areas and climate zones. (COP 21) ) to discuss the effect of 2 ºC average global temperature increase on ecosystems, economies, human health and adjust preferences for a road map for reducing anthropogenic factors, which caused the temperature increase globally. In last decade, the meaning of 2 ºC global average temperature has been increased and its effects on terrestrial biosphere, especially on carbon assimilation processes, has become increasingly important for all nations. The future climate predictions show that the 2 ºC average temperature increase in pan-European scale under consideration the Representative Concentration However, the future prediction of NPP shows a decreasing in most of the regions in Germany, Italy and south-east Europe. The model illustrates up to 18% of reduction by NPP in that regions (see Fig. 6 bottom left) . It is quite important to investigate not only spatial distribution of NPP but also inter-annual variability of NPP. The sub Fig. 6 (bottom right) shows the trend of average NPP variability from 1971 to 2100. NPP has a distinct increasing trend between 1971-2100. From 1971 to 2100 there is almost 15% an increase in NPP (see Fig. 6 bottom right) .
Conclusion
This study compares predicted NPP by using CLM4.5 model with remotely sensed NPP in pan-European scale with in-situ measured data. The comparison was done for 25x25 km high resolution gridded data sets. It reveals that there are differences between modelled and observed NPP in eastern and middle Europe. NPP is either mis-quantified by MODIS or mis-predicted by CLM4.5. Since we do not have field studies in the regions, we could not detect the site of the failure in this study. But the high correlation between by CLM4.5 predicted and observed data in 19 study locations indicates that the model is most probably able to predict NPP in pan-European scale. According to the results in past observed period, we assume that the prediction of NPP quite acceptable for the future period. It shows that NPP will increase ca. 15% in average at panEuropean level. Furthermore, northern and high altitude regions show most response to climate change with highest increase of NPP in the future period. Although NPP shows an increasing trend in most of the vegetated areas at pan-European level, NPP will minimally change in few regions e.g. in Germany, Italy and most of the Balkans.
